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The sequence of the 8,600-base-pair HindlIl H fragment, located at the center of the vaccinia virus genome,
was determined to analyze several late genes. Seven major complete open reading frames (ORFs) and two that
started from or continued into adjacent DNA segments were identified. ORFs were closely spaced and present
on both DNA strands. Some adjacent ORFs had oppositely oriented overlapping termination codons or
contiguous stop and start codons. Nucleotide compositional analysis indicated that the A-T frequency was
consistently lowest in the first codon position. The sizes of the polypeptides predicted from the DNA sequence
were compared with those determined by polyacrylamide gel electrophoresis of cell-free translation products
of mRNAs selected by hybridization to cloned single-stranded DNA segments or synthesized in vitro by
bacteriophage T7 RNA polymerase. Six transcripts that initiated within the HindlIl H DNA fragment were
detected, and of these, four were synthesized only at late times, one was synthesized only early, and one was
synthesized early and late. The sites on the genome corresponding to the 5' ends of the transcripts were located
by high-resolution nuclease S1 analysis. For late genes, the transcriptional and translational initiation sites
mapped within a few nucleotides of each other, and in each case the sequence TAAATGG occurred at the start
of the ORF. The extremely short leader and the absence of A or G in the -3 position, relative to the first
nucleotide of the initiation codon, distinguishes the majority of vaccinia virus late genes from eucaryotic and
vaccinia virus early genes.

Vaccinia virus, a member of the poxvirus family, has a
185,000-base-pair (bp) double-stranded DNA genome, uses
its own transcriptional apparatus, and replicates in the
cytoplasm of infected cells (25). The genes, which may
number between 150 and 200, are regulated in a temporal
fashion. The early genes are transcribed by the RNA poly-
merase within the vaccinia virus core, whereas expression of
late genes is delayed until virus uncoating and DNA repli-
cation occur. Clusters of early and late genes are inter-
spersed throughout the DNA molecule (2), and the signals
that regulate their expression are located just upstream of
the transcriptional initiation sites (3, 8, 21, 34). Examination
of the region preceding several early RNA start sites re-
vealed extremely A-T-rich sequences that lack highly con-
served procaryotic or eucaryotic consensus signals (32, 33).
The RNA polymerase and associated factors extracted from
virus particles specifically recognize early genes and distin-
guish them from late genes (14, 27). Too few late genes have
been analyzed in detail (3, 28, 34) to develop a consensus
regulatory sequence.
The present study was undertaken to learn more about the

organization and regulation of late genes. The HindIII H
fragment was chosen for analysis because previous reports
indicated that several late proteins are encoded within this
region of the vaccinia virus genome (1, 2, 22). We have
completed the sequence of this 8,600-bp DNA fragment,
identified the open reading frames (ORFs), and character-
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ized some of the gene products. Most significantly, the
leader between the 5' end of the late mRNAs and their
translational initiation codons appeared to be extremely
short and the DNA at that junction contained a conserved
sequence TAAATGG.

MATERIALS AND METHODS

Virus and cells. Vaccinia virus (strain WR) was grown in
HeLa cell suspension cultures that were maintained in Eagle
medium containing 5% horse serum.
DNA purification and sequencing. Plasmid DNA was puri-

fied as described by Birnboim and Doly (4). DNA fragments
were isolated by electroblotting onto DEAE paper (36) and
subcloned into mpl8 or mpl9 derivatives of bacteriophage
M13 (23). Exonuclease III digestions were carried out (16),
and sequencing was performed as described by Sanger and
co-workers (29). All sequences were determined on both
DNA strands and were completely overlapped with the aid
of additional specific oligonucleotide primers.
RNA analysis. HeLa cells were infected at a multiplicity of

30 PFU of purified vaccinia virus per cell for 4 h in the
presence of 100 ,ug of cycloheximide per ml to obtain early
RNA or 6 h in the absence of the drug to obtain late RNA.
Cytoplasmic RNA was isolated by CsCl centrifugation as
described before (10). RNA was hybridized to asym-
metrically end-labeled DNA fragments, and single-stranded
DNA was digested with 580 U of Si nuclease or 240 U of
mung bean nuclease at 25°C for 1 h (34). The nuclease-
resistant DNA was analyzed by electrophoresis on agarose
or polyacrylamide sequencing gels.
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In vitro translation. Purified cytoplasmic RNA was hybrid-
ized to plasmid or single-stranded phage DNA immobilized
on nitrocellulose filters (10). After washing, the specifically
bound RNA was eluted, ethanol precipitated with carrier
tRNA, and then translated in a micrococcal nuclease-treated
reticulocyte lysate containing [35S]methionine. Radioac-
tively labeled polypeptides were analyzed by polyacryl-
amide gel electrophoresis.

In vitro transcription. DNA fragments were cloned by
using a Bluescribe M13 + plasmid vector (Vector Cloning
Systems). The recomhmendations of the manufacturer were
followed for synthesis of RNA except that T7 RNA poly-
merase and template were incubated with 1 ,uM m7GpppG
and m7GpppA for 10 min prior to addition of ribonucleoside
triphosphates. The reaction mixture was DNase treated,
phenol extracted, and ethanol precipitated prior to transla-
tion.
Computer analysis of DNA sequences. DNA sequence data

were managed and analyzed by using the Microgenie (Beck-
man Instruments, Inc.) program on an IBM XT personal
computer. Similarity searches of the National Biomedical
Research Foundation protein library were carried out by
using the FASTP program written by Lipman and Pearson
(20). Initial screening was done with a ktup of 2.

RESULTS

Nucleotide sequence of the HindlIl H fragment. The restric-
tion enzyme HindlIl cleaves the 185,000-bp genome of
vaccinia virus into 15 fragments ranging in size from 1,500 to
45,000 bp (12, 37). The HindIII H fragment is about 8,600 bp
long and is located at the center of the genome in a region
with several late genes (1, 2, 22). The sequence at the
extreme left end of the HindIII H fragment was previously
determined and was shown to contain the distal half of an
early gene encoding the RNA polymerase large subunit (7).
Additional overlapping subclones of the HindlIl H fragment
in M13 vectors were generated by exonuclease III digestion
and sequenced by the dideoxynucleotide chain termination
method. Both strands were sequenced completely, and
additional primary DNA clones were obtained in regions of
particular interest to exclude errors arising from mutations
or deletions during cloning. The sequence of the entire
HindIIl H fragment is shown in Fig. 1.

Analysis of ORFs. The nucleotide sequence was translated
in both directions in all possible phases to locate ORFs.
There are eight major ORFs that begin with ATG in the
HindlIl H fragment and one that begins with an ATG in the
adjacent HindIll J fragment and continues into H (Fig. 1). Of
these, five were directed rightward and four were directed
leftward. Major ORFs were named by using the letter
designating the HindlIl fragment in which they originated
and then numbered successively from left to right. The
reading direction is indicated by adding an L (left) or R
(right) after the number. Thus, an ORF map of HindIll H can
be abbreviated as J6R-HlL-H2R-H3L-H4L-H5L-H6R-H7R-
H8R. The designation J6R for the extreme left ORF is based
on previous analyses of that fragment (7, 26, 33).
The sizes of ORFs Hi to H7 range from 171 (H1) to 575

(H5) codons. H8 has 129 codons within the HindIll H
fragment and an undetermined number within the adjacent
HindIII D fragment. Based on the direction of the ORF, four
types of junctions can be distinguished: R-L (-k <-), L-R
(<--), R-R (- -), and L-L (-- *-). In general, the ORFs
are very closely spaced. For the R-L junction of J6R and
H1L, the stop codons of the two ORFs actually overlap for

two of the three nucleotides (NT) and for H2R and H3L the
top codons are separated by only two NT. There are also
two L-R junctions. In the case of HlL and H2R, the ATGs
are separated by 13 NT and for H5L and H6R they are
separated by 184 NT. The two L-L junctions occur succes-
sively, and the gaps between the stop and start codons of
H5L and H4L and H4L and H3L are 120 and 0 NT. The two
R-Rjunctions also occur successively, and the gaps between
the stop and start codons ofH6R and H7R and H7R and H8R
are 0 and 36 NT.

Since the vaccinia virus genome has a rather high A+T
content, we considered that the three codon positions might
exhibit a characteristic pattern of nucleotides. Such a pattern
might be useful in distinguishing true coding sequences from
chance ORFs. An analysis (Table 1) revealed that the A-T
frequency was consistently lowest in the first codon posi-
tion.

It was also of interest to determine the nucleotide frequen-
cies around the ATG that starts each ORF. In eucaryotic
mRNAs, there is a highly conserved pattern with an A or G
residue almost always present at the 3' position relative to
the A of the ATG and a G usually present at the +4 position
(18). Consistent with this, a G was found in the +4 position
of six of seven ORFs in the HindIII H fragment. In the -3
position, however, a pyrimidine was present in six of seven
cases and in five of those the sequence was TAAATGG.
Evidence that the latter sequence correlates with late genes
will be presented.
Computer analyses of ORFs were performed to predict

amino acid compositions (Table 2), secondary structure,
hydrophobicity, and similarity to previous entries in the
National Biomedical Research Foundation protein library.
The sequence of the large RNA polymerase subunit, ORF
J6R, and its homology to the B' subunit of Escherichia coli
and to the large subunit of yeast RNA polymerases II and III
have been reported previously (7) and will not be com-
mented on further here.
HlL potentially encodes a basic 19.7-kilodalton (kDa)

polypeptide lacking tryptophan. The presence of a string of
14 hydrophobic amino acids near the carboxyl terminus
would make it interesting to find out whether the protein is
membrane associated. Several proteins in the National Bio-
medical Research Foundation library showed modest simi-
larities to HiL over short regions but none had obvious
biological significance.
H2R could encode a 21.5-kDa basic polypeptide. No

striking similarities to proteins in the data bank were noted,
although the highest optimized score of 71 (20) was with the
beta-chain precursor of the T-cell receptor.
H3L codes for an acidic 37.5-kDa polypeptide that con-

tains two hydrophobic stretches of 14 and 16 amino acids
near the carboxyl terminus. (Data to be shown later indicate
the presence of a second RNA start site within the ORF,
making it possible that two proteins with overlapping amino
acid sequences are expressed from this ORF.) The highest
degree of relatedness was a 22.2% identity in a 102-amino-
acid overlap with the hydrophobic region of the spike
glycoprotein precursor of vesicular stomatitis virus.
H4L and H5L could code for neutral 21.2 and 67.6-kDa

polypeptides, respectively. Both ORFs only had short or

modest matches with proteins in the data bank.
The 22.3-kDa polypeptide predicted by the H6R ORF is

slightly acidic but with a concentration of basic amino acids
near the carboxyl terminus, very hydrophilic, and relatively
deficient in aromatic amino acids. Evidence for an unusual
electrophoretic mobility on sodium dodecyl sulfate-
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A
-J6->
K A L E A D Y V E S N L S N L T N L N R E E E H M R 0 T L D D P D N N L L 39

K U A K A G Y K V N P T E L M Y L G T Y G 0 0 R D G E P A E T R V L G R V L 70
AAATGGCCAAAGCGGGTTATAAAGTAAATCCTACAGAACTAATGTATATTCTAGGTACGTATGGACAACAAAGGATTGATGGTGAACCAGCAGAGACTCGAGTATTGGGTAGAGTCTTAC 240

P Y Y L P 0 S K D P E G R G Y L N S L T K G L T G 5 0 Y Y F S M L V A R 5 0 5 110
CTTACTATCTTCCAGACTCTAAGGATCCAGAAGGAAGAGGTTACATTCTTAATTCTTTAACAAAAGGATTAACAGGTTCTCAATATTACTTTTCGATGCTGGTTGCAAGATCTCAATCTA 360

T D V C E T S R T G T L A R K K K M E D N V V D G Y G 0 V V G N T L K 150
CTGATATCGTCTGTGAAACATCACGTACCGGAACACTGGCTAGAAAAATCATTAAAAAGATGGAGGATATGGTGGTCGACGGATACGGACAAGTAGTTATAGGTAATACGCTCATCAAGT 480

Y A A N Y I K L G S V C K P V D L Y P D E S N I W Y L E S A L W N K K 0 190
ACGCCGCCAATTATACCAAAATTCTAGGCTCAGTATGTAAACCTGTAGATCTTATCTATCCAGATGAGTCCATGACTTGGTATTTGGAAATTAGTGCTCTGTGGAATAAAATAAAACAGG 600

G F V Y S 0 K 0 K L A K K T L A P F N F L V F V K P 7 T E D N A K V K D L Y D 230
GATTCGTTTACTCTCAGAAACAGAAACTTGCAAAGAAGACATTGGCGCCGTTTAATTTCCTAGTATT CGTCAAACCCACCACTGAGGATAATGCTATTAAGGTTAAGGATCTGTACGATA 720

U H N V D D V R E K Y F F 7 V S N D F N E Y F L T H L N P S R R T K 270
TGATTCATAACGTCATTGATGATGTGAGAGAGAAATAC1 TCTTTACGGTATCTAATATAGAT TTATGGAGTATATATTCTTGACGCATCTTAATCCTTCTAGAATTAGAATTACAAAAG 840

E T A T F E K F Y E K L N Y T L G G G T P G S A 0 V L S E K F T 0 0 A 310
AAACGGCTATCACTATCTTTGAAAAGTTCTATGAAAAACTCAATTATACTCTAGGTGGTGGAACTCCTATTGGAATTAT7TCTGCACAGGTATTGTCTGAGAAGTTTACACAACAAGCCC 960

L S S F H T T E K S G A V K 0 K L G F N E F N N L T N L S K N K T E T L V S 350
TGTCCAGTTTTCACACTACTCAAAAAAGTGGTGCCGTCAAACAAAAACTTGGTTTCAACGAGTTTAATAACTTGACTAATTTGAGTAAGAATAAGACCGAAATTATCACTCTGGTATCCG 1080

D D S K L 0 S V K N F E F V C L G E L N P D H S L F E K K 0 D R Y V V D 390
ATGATATCTCTAAACTTCAATCTGTTAAGATTAATTTCGAATTTGTATGTTTGGGAGAATTAAATCCAGACCATTCACTCTTCGAAAAGAAACAAGATAGGTATGTAGTAGATATAATAG 1200

V N K L Y K R A E T E L V V E Y M E R F S F S V V K E W G N E T F E 430
TCAATAAGTTA T ACATCAAGAGAGCAGAAATTACCGAATTAGTCGTCGAATATATGATTGAACGAT TCATCTCCTTT AGCGTCAT T GTAAAGGAATGGGGTATGGAAACAT TCATT GAGG 1320

D E D N R F T V Y L N F V E P E E L N L S K F N N V L P G A A N K G K S K F 470
ACGAGGATAATATTAGATTACTGT4CTATCTAAATTTCGTTGAACCGGAAGAATTGAATCTTAGTAAGTTTATGATGGTTCTTCCGGGGGCAGCCAACAAGGGAAAGATTAGTAAATTCA1440

K P S D Y T G Y D C F N 0 T K K L N K N T V E L M N L K E L G S F D L E N V 510
AGATTCCTATCTCTGAT TAI ACGGGTATGACTGCT CAATCAAACAAAAAAGCTCAATAAGATGACTGTAGAACTCATGAATCTAAAAGAATTAGGT TCTTTCGATGGAAAACGTCA 1560

N V Y P G V W N T Y D F G E A A R E Y L C E A M L N T Y G E G F D Y L Y 0 P 550
ACGTGTATCCTGGAGTATGGAATACATACGATATCTTCGTATCCAGGCCGCTCGTGAATACT TGTGCGAAGCCATGTTAAACACCTATGGAGAAGGGTTCGATTATCTGTATCAGCCTT 1680

C D L L A S L L C A S Y E P E S V N K F K F G A A S T L K R A 7 F G D N K A L L 590
GTGATCTTCTCGCTAGT TTACATGTGCTAGTTACGAACCAGAATCAGTGAATAAATTCAAGTTCGGCGCAGCTAGTACTCTTAAGAGAGCTACGTTCGGAGACAATAAAGCATTGTTAA 1800

N A A L H K K S E P N D N S S C H F F S K V P N G T G Y Y K Y F D L G L L 630
ACGCGGCCTTCATAAAAAGTCAGAACCTATTAACGATAATAGTAGCTGCCACTTTTTTAGCAAGGTCCCTAATATAGGAACTGGATATTACAAATACTTTATCGACTTGGGTCTTCTCA 1920

URNM E R K L S D K I S SOK KENM E E T ED F - 655
TGAGAATGGAAAGGAAACTATCTGATAAGATATCTTCTCAAAACATCAAGGAGATGGAAGAAACAGAAGACTTTTAATTCTTATCAATAACATATTTTTCTATGATCTGTCTTTTAAACG 2040

- N K D V Y K E 0 P K F 5 157

AT GGA TTTTCCACAAAT GCGCCTCTCAAGTCCCTCATAGAATGATACACGTATAAAAAATATAGCA TAGGCAA TGAC TCCTTrAT TTTT AGACATTAGATATGCCAAAATCATAGCCCCGC 2160
P N E V F A G R L D R N S H Y V Y L F Y L N P L S E K N K S M L Y A L N A G S 117

TTCTATTTACTCCCGCAGCACAATGAACCAACACGGGCTCGTTTCGTTGATCACATTTAGATAAAAAGGCGGTTACGTCGTCAAAATATTTACTAATATCGGTAGTTGTATCATCTACCA 2280
R N V G A A C H V L V P E N R 0 D C K S L F A T V D D F Y K S D T T T D D V L 77

AcGGTATATGAATAATAT TAATAT TAGAGTTAGGTAATGTATAT TlATCCATCGTCAAATTTAAAACATAT TT GAACTTAACT T CAGATGATGGTGCATCCATAGCAT TTTTATAATTTC 2400
P H N N S N P L T Y K D M T L N L V Y K F K V E S S P A b M A N K Y N G 37

<-HI
CCAAATACACATTATTGGTTACCCTTGTCATTATAGTGGGAGATTTGGCTTTGTGCATATCTCCAGTTGAACGTAGTAGTAAGTAT TTATACAAACTTTTCT TATCCAT TTATAACGTAC 2520

L V V N N T V R T N T P S K A K H N D G T S R L L L Y K Y L S K K D M<**L 1
H2->
N D K T T L S V N A C N L E Y V R E K A V G V 0 A A K T S T L F F V L 39

AAATGGATAAAACTACTTTATCGGTAAACGCGTGTAATTTAGAATACGTTAGAGAAAAGGCTATAGTAGGCGTACAAGCAGCCAAAACATCAACACTTATATTCTTTGTTATTATATTGG 2640

A S A L L L W F 0 T S D N P V F N E L T R Y N R K N T V N D W K S L T V S K 79
CAATTAGTGCGCTATTACTCTGGTTTCAGACGTCTCATAATCCAGCCTTTAATGAATTAACGAGATATATGCGAATTAAAAATACGGTTAACGATTGGAAATCATTAACGGTATCGAAAA 2760

T K L E S D R G R L L A A G K D D F E F K C V D F G A Y F A N R L D K K T Y 119
CAAAATTAGAAAGTGATAGAGGTAGACTTCTAGCCGCTGGTAAGGATGATATATTCGAATTCAAATGTGTGGATTTCGGCGCCTATTTTATAGCTATGCGATTGGATAAGAAAACATATC 2880

L A 0 A R R G T G D A W N V K K A A K V 0 P S A 0 0 F C 0 Y L K H K S N N V 159
TGGCGCAAGCTATTAGGCGAGGTACTGGAGACGCGTGGATGGTTAAAAAGGCGGCAAAGGTCCATCCATCTGCTCAACAATTTTGTCAGTATTTGATAAAACACAAGTCTAATAATGTTA 3000

I T C G N E M L N E L G V S G Y F M S P H W C S D F S N N E - 189
TTACTTGTGGTAATGAGATGTTAAATGAATTAGGTTATAGCGGTTATTTTATGTCACCGCATTGGTGTTCCGATTTTAGTAATATGGAATAGTGTTAGATAAATGCGGTAACGAATGTTC 3120

- F A I V F T G 317

CTGTAAGGAACCATAACAGTTTAGATTTAACGTTAAAGATGAGCATAAACATAATAAACAAAATTACAATCAAACCTATAACATTAATATCAAACAATCCAAAAAATGAAATCAGTGGAG 3240
T L F W L L K S K V N F L M F N F L V L G V N D F L G F F S L P T 277

TAGTAAACGCGTACATAACTCCTGGATAACGTTTAGTAGCTGCCGTTCCTATTCTAGACCAAAAATTCGGTTTCATGTTTTCGAAACGGTGTTCTGCAACAAGTCGGGGATCGTGTTCTA 3360
T F A V M V G P Y R K T A A T G R S W F N P K M N E F R H E A V L R P D H E V 237

<*E
CATATTTGGCGGCATTATCCAGTATCTGCCTATTGATCTTCATTTCGTTTTCAATTCTGGCTATTTCAAAATAAAATCCCGATGATAGACCTCCAGACTTTATAATTICATCTACGATGT 3480

Y K A A N D L 0 R N k M E N E R A E F Y F G S S L G C S K E D V N 197

TCAGCTCCGTAGTAACTCTAATAATATAGGCTGATAAGCTAACATCATACCCTCCTGTATATGTGAATATGGCATGATTTTTGTCCATTACAAGCTCGGTTTTAACTTTATTGCCTGTAA 3600
L E T T V R Y A S L S V D Y G G T Y T F A H N K D N V L E T K V K N G T 157

TAATTTCTCTCATCTGTAGGATATCTATTTTTTTGTCATGCATTGCCTTCAAGACGGGACCAAGAAACGTAAIATCCTCAATAACGTTATCGTTTTCTACAATAACTACATATTCTACCT 3720
E R M 0 L D K K D H N A K L V P R L F T D E V N D N E V V V Y E V K 117

TTTTATTTTCTAACTCGGTAAAAAAATTAGAATCCCATAGGGCTAAATGTCTAGCGATATTTCTTTTCGTTTCCTCTGTACACATAGTGTTACAAAACCCTGAAAAGAAGTGAGTATACT 3840
K N E L E T F F N S D W L A L H R A N R K T E E T C N T N C F G S F F H T Y K 77

TGTCATCATTTCTAATGTTTCCTCCAGTCCACTGTATAAACGCATAATCCTTGTAATGATCTGGATCATCCTTGACTACCACAACATTTCTTTTTTCTGGCATAACTTCGTTGTCCTTTA 3960
D D N R N G G T W 0 F A Y 0 K Y H D P D D K V V V V N R K E P N V E N D K V 37

<-H3
CATCATCGAACTTCTGATCATTAATATGCTCATGAACATTAGGAAATGTTTCTGATGGAAGTCTATCAATAACTGGCACAACAATAACAGGAGTTTTCGCCGCCGCCATTTAGTTATTGA 4080

D D F K 0 D N H E H V N P F T E S P L P D V P V V V P T K A A A M<**L 1
- N N F 176

FIG. 1. Nucleotide sequence of the HindIII H DNA fragment. Directions of ORFs are indicated by arrows. Derived amino acid sequences
are displayed above nucleotides for rightward ORFs and below for leftward ORFs. The approximate location of 5' ends ofRNAs are indicated
by an asterisk, with an arrow for direction of transcription and E or L for early or late expression.



S F Y V F V D S D P 1 L H Y R L N Yf C N K V 0 V H E H D L R E F P M P D G 96

CGAATCTGAAAACGTATAAATAGGAGTTAGAATAATAATATTTGAGAGTATTGGTAATATATAAACTCTTTAGCGGTATAATTAGI TTTTTTCTCTCAATTTCTATTTTTAGATGTGATG 4440F R F V Y L Y S N S Y Y Y K L T N T Y L S K L P IL K K R E E K L H S P 56

GAAAAATGACTAATTTTGTAGCATTAGTATCATGAACTCTAATCAAAATCTTAATATCTTCGTCACACGTTAGCTCT TTGAAGTT TTTAAGAGATGCATCAGTIGGTTCTACAGATGGAG 4560F V L K T A N T D H V R L K D E D C T L E K F N K L S A D T P E V S P T 16
-H4

TAGGTGCAACAATTTTTTGTTCTACACATGTATGTACTGGAGCCAT TGTTTTAACTATAATGGTGCTTGTATCGAAAAACTTTAATGCAGATAGCGGAAATCTTCGCCGCGACTTTCTAC 4680P A V I1K 0 EV C T H V P A M 1

AT CGTAATTGGGTTCTAACGCCGATCTCTGAATGGATACTAGT TTTCTAAGTTCTAATGTGATTCTCTGAAAATGTAAATCCAAT TCCTCCGGCATTATAGATGTGTATACATCGGTAAA 4800
- T R H N E S F T F G G G A N Y H C R Y 552

TAAAACTATAGGTATCCAACGATCCCT TCTCGCAAATTCTAGTCTTAACCAAAAAATCGTATATAACCACGGAGATGGCGTATTTAAGAGTGGAT TCTTCTACCGT TTTGT TCTTGGATG 4920F S Y T D L S G K E C R T K V L F D Y V V S A Y K L T S E E V T K N K S I 512

TCATATAGGAAACTATAAAGTCCGCACTACTGITAAGAATGATTACTAACGCAACTATATAGTTCAAATTAAGCATT TTGGAAACATAAAATAACTCTGTAGACGATACTTGACITTCGA 5040M V S V F 0 A S S N L V L A V V N L N L M K S V Y F L E T S S V 0 5 E F 472

ATAAGTTTGCAGACAAACGAAGAAAGAACAGACCTCTCTTAATTTCAGAAGAAAACTTTTT TTCGTATTCCTGACGTCTAGAGTTTATATCAATAAGAAAGTTAAGAATTAGTCGGTTAA 5160
L N A S L R L F F L G R K E S S F K K E Y E 0 R R S N 0 L F N L L P N 432

TGTTGTATTITCATTACCCAAGTTTGAGAT TTCATAATATTATCAAAAGACATGATAATATTAAAGATAAAGCGCTGACTATGAACGAAATAGCTATATGGTTCGCTCAAAAATATAGTCT 5280N Y K M V W T 0 5 K M N D F S M N F F P 0 5 H V F Y S V P E S L F T K 392

TGT TAAACGTGGAAACGATAACTGTATITTTTAATCACGTCAGCGGCATCTAAATTAAATATAGGTATATTTATTCCACACACTCTACAATATGCCACACCATCTTCATAATAAATAAATT 5400N F T 5 V V T N K V D A A D L N F P N G C V R C V A V G D E V V F E 352

CGT TAGCAAAATTATTAATITTTAGTGAAATAGTTAGCGTCAACTTTCATAGCTTCCTTCAATCTAATTTGATGCTCACACGGTGCGAATTCCACTCTAACATCCCTTITTCCATGCCTCAG 5520N A F N N K T F V N A D V K M A E K L R 0 H E C P A F E V R V D P K W A E P 312

GT TCATCGATCTCTATAATATCTAGTTTTTITGCGTTTCACAAACACAGGCTCGTCTCTCGCGATGAGATCTGTATAGTAACTATGTAAATGATAACTAGATAGAAAGATGTAGCTATATA 5640E 0 E D L K K P K V F V P E D R A L 0 T V V S H L H Y S S L F Y S V L 272

GATGACGATCCTTTAAGAGAGGTATAATAACTTTACCCCAATCAGATAGACTGTTGTTATGGTCTTCGGAAAAAGAATTTTTATAAATTTTTICCAGTAITTTTCCAAATATACGTACTTAA 5760
H R D K L L P V K G W D 5 L S N N H 0 E S F S N K Y K G I N E L V V V K V 232

CATCTAAAAAATCCTTAATGATAATAGGAATGGATAATCCGTCTATTTTATAAAGAAATACATATCGCACATTATACTTTTTTTTTGCAAATGGGAATACCGATGIGTCTACATAAATATG 58800 1 F D K P S L G D K V L F V Y P V N V K K K S P G H R C L Y A 192

CAAATCTAATATTTTAGAAATTTAATGGCCAATTCTTTCAAGACGGAATGATTTTCTATGAACGTACTTCTAACTCTGTTTAGTCCGATTAA 60000F D L V K K S F P L 0 0 L N K E L Y P L L N K M N F P K K E P E L E A N F 5 152

ATGAACTAGTCCTATTTTTAATAACATTCATCCCTTAACTCACATTACCGAAACTGTCTCTTTGTCTAAAACAGTCTATGGTTAAAAAAGAC 61202S V L D S N K V S V V D G R V 0 0 N V L S K K 0 R L Y M 0 L I N F F L D V 112

ACAAGTTATACGTCATTTCATCTGTGGTATTCTTGTCATTGAAGGATAAACTCGTACTAATCTCTTCT TTAACAGCCTGTTCAAATTTATATCCTATATACGAAAAAATAGCAACCAGIG 6240
L N Y T M E 0 1 1 N K 0 N F S L S 7 S E E K V A 0 E F K V G Y S F A V L T 72

TTTGATCATCCGCGTCAATATTCTGTTCTATCGTAGTGTATAACAATCGTATATCTTCT TCTGTGATAGTCGATACGTTATAAAGGTTGATAACGAAAATATTTTITATTTCGTGAAATAA 6360
00 0 A 0 N 0 E T T Y L L R D E E T T S V N Y L N V F N K N P 5 F 32

<-H5
AG7CATCGTAGGATTTTIGGACTTATATTCGCGTCTAGTAAATATGCTTTTATI TTTGGAATGATCTCAATTAGAATAGTCTCTTTAGAGTCCATTTAAAGTTACAAACAACTAGGAAATT 6480

D D V S K P 5 N A 0 L L Y A K k P E L I E K S D M <.1 1

GGITTTATGATGTATAAITTTTTTTAGTTTTTATAGAT TCT TTATTCTATACTTAAAAAATCAAAATAAATACAAACCT TCTTGAGGGTTGTGTTAAATTGAAAGCGAGAAATAATCATAAA 6600
H6->
U A W S T N K A 0 T S S F T K M A E R A H L K N 5 27

TTATTTATTGGTTCTAGTGACTAGCTGCATCATAGGAATGACTAAAAGCGATAACCTTAAAAC6720
A E N K D K N E D F P E D V P 5 T K P K I K R A T T P R K P A A I K P 5 T 67

GCCTGAAAATAAAGATAAAAACGAGGATATTTTICCCGGAAGATGTAATAAT TCCATCTACTAAGCCCAAAACCAAACGAGCCACTACTCCTCGTAAACCAGCGGCTACTAAAAGATCAACC 6840

K K E E V E E E V V E E V H 0 T T E K N S P 5 P C V S 0 V E S V A A V E L 0 107AAAAAGGAGGAAGTGGAACAAGAAGTAGTTATACAGGAATATCATCAAACAACTGAAAAAAAT TCTCCATCTCCTGGAGTCACCGACATTGTAGAAAGCGTGGCCCCCTGTAGAGCTCGAT 6960

0 5 0 G 0 0 E P M V 0 V E A C K V N H S A R S D L S 0' L K V A T 0 N V K D L K 1 47
GATACGACGGGTGATAACCATGTACAGTTGAGCGGTAAGTAATCTAGTCTAAAGCATCTTCTACCTAAGTGGCACCGCAAA7CGTAA AATCTA 70808
K T R S A V S T V L E 0 V 0 A A C S P 0 F T S U T K A T T L S D L V 1 187
AAAATATTCTAAATCCTGCGTACGACGTTCAGAGATGTCAGCAGTGGTTCTTAGAAATTACTCTATACTAAGCATTAAACCTATTGATTACCA 72000

H7->
U P A L F V K D C K L F T D N N F L N P V S D 23

E G K S K V V R K K V K T C K K - 203
GAGGGAAAATCTAAAGT TGTTCCTAAAAAAGTTAAAACTTGTAAGAAGTAAATGCCGTGCACTTTTTTATAAAGA7GGTAAACTCTTTACCGATAATAATTT TTTAAATCCTGTATCAGAC 7320

D N P A Y E V L 0 H V K P T H L I D V V V V E 0 T W E E A L T R L F V C S D 63GAIAATCCAGCGIAIGAGGTTTICCAACATGTTAAAATTCCTACTCATTITAACAGATGTAGTAGTATATGAACAAACGTGGGAAGAGGCATTAACTAGATTAATITTITTGTGGAAGCGAT 7440

S K G P P 0 Y F V C K M H V 0 N P N A K P 0 P F V P V V N V M K R N C F N 103
TCAAAAGGACGTAGACAAIACTTTTACGGAAAAAIGCATGTACAGAATCGCAACGCCTAAAAGAGATCGTATTTTTGTTIAGAGTATATAACGTTATGAAACGAATIAATTGTTTTATAAAC 7560

K N K K S 5 T 0 5 N V 0 L A V F M L U E T M F F P F C K U K Y L K E N E T V 143AAAAATAIAAAGAAATCGTCCACAGATTICCAATTAICAGTTGCGCGTTTTTIATGITAATGGAAACTAIGTTTITTATTAGATTTGGTAAAATGAAATATCTTAAGGAGAAIGAAACAGTA 7680

G L L I L K N K H E S P 0 E V K F V C K 0 K V S H E F V V H K S N P L V 183
GGGTTATTAACACTAAAAAATAAACACATAGAAATAAGTCCCGATGAAATAGTTATCAAGTTTGTAGGAAAGGACAAAGTTTICACATGAATTTGTTGIICAIAAGTCTAAIAGACTAIAT 7800

K P 1 L K L 1 0 0 5 5 P E E F L F N K L S E P K V V E C K 0 F C P K 0 L P 223
AAGCCGCCTAITTGAAACIGACGGATGAITTCTAGTCCCGAAGAATTTICCTGTTCAACAAACTAAGTGAACGAAAGGIATATGAATGIAICAAACAGIITTTGTATTAGAATCAAGGAICTCCGA 7920

I V C V N V I F L V N F W I N V K S S P L P 5 P K K L A L I K C I A E V V 263
ACGTATGGAGTCAATTATACGTTTTTATATAATTITTGCGACAAATGTAAAGTCCATATCTCCTCITICCATCACCAAAAAAGTTAATAGCCGTTAACTAICAAACAAACTGCCTGAAGTGGTA 8040

C H I P 5 S K P A V U A I I L E U V K 0 K N F 1 0 V V S K T I F 0 E F L S 303
GGTCATACTCCATCAATTTICAAAAAGAGCCTTATATGGCAACGACTATTTTIAGAAATGGTAAAGGATAAAAATTITTTIAGATGTAGTATCTAAAACTACGTTCGATGAATTCCTATCTATA 8160

V V 0 H V K 5 5 T D C - H8-> 314
L*>UM E U 0 K P U K S L A U I A F F 16GCGCTAGATCACGTTAAATCATCTACGGATGGATGATATAGATCTTTIACACAAATAATTACAAAACCGATAAATGGAAATGGATAAGCCGTATGAAATCTCTCGCAATGACCGCTTITCTTT 8280

C E L S I 1 0 U A L V S F K P H P N N I F S V 0 K 0 C 0 F U 0 F E V 0 56
GGGGAGCCTAAGCACATTAGATATTATGGCATTGATAGTGCTCATATTTIAAACGCCATCCAAACAATACCATTTTTTCAGTGGATAAGGATGGTCAGTTTATGATTGATTTCGAATACGAT 8400

N Y K A 5 0 V 1 0 L 1 1 1 P S C 0 E C K I H A S S A E 0 L A C V 0 K E 0 96
AAT11IAIAACCCIICICAATA-. .11II TCCA-- IC-ICACCCICACICCCAIAICICCACAICAAICCAACACTCACCCATCCACIAIACCCCAACAAIICCCCIC-IC-TCCAIAIIAI..I.AAA..C.IACCAIA 8520

-11,

S E Y K T T P R L K R f K K Y R N R S D T R S R D T E K L 129
ATTAGCGAATATATCAAAACTACTCCCCGTCTTAAACGATTTATAAAAAAATACCGCAATAGATCAGATACTCGCATCAGTCGAGATACAGAAAAGCTT 8619

439



440 ROSEL ET AL.

TABLE 1. Correlation of A-T frequency with codon position

Codon % A + T
Position Hi H2 H3 H4 H5 H6 H7 H8 H av

1 63.0 60.0 55.7 62.6 64.1 50.0 59.4 58.2 59.1

2 69.2 63.1 70.8 74.3 73.5 60.8 70.8 65.9 68.4
3 68.7 69.5 68.0 74.9 68.3 73.5 75.6 64.4 70.4

1+2+3 67.3 64.3 64.8 70.6 68.6 61.4 68.5 62.8 66.0

containing polyacrylamide gels is presented below. Again,
no impressive homology matches were noted.
H7R encodes a putative basic 36.7-kDa polypeptide with

potential glycosylation sites at amino acids 142 and 230. A
search of the National Biomedical Research Foundation
protein library revealed a short region of similarity to ribo-
nucleotide reductase of Epstein-Barr virus. Induction of
ribonucleotide reductase in cells infected with vaccinia virus
has been reported but the gene has not been mapped (30).
Only 14 kDa of H8R is present in the HindIII H fragment and
the remainder is presumably in the adjacent HindIlI D
fragment.

In vitro translation of mRNAs selected by hybridization to
HindIll H DNA. In vitro translation experiments were car-

ried out to determine whether mRNAs that could express the
ORFs are synthesized in vaccinia virus-infected cells, to
compare the polypeptide products with those predicted, and
to ascertain the temporal regulation of the genes. By using
single-stranded M13 subclones of the HindIII H fragment for
hybridization selection, information regarding the location of
translatable mRNAs relative to ORFs was obtained.
When early RNA that hybridized to the entire HindIlI H

fragment was translated in a nuclease-treated reticulocyte
lysate, the most prominent band had an apparent molecular
weight of about 40,000 (Fig. 2A). The light band of 147 kDa
was previously shown to be the largest subunit of RNA
polymerase and to be a product of the J6 ORF (7; E. V.
Jones, C. Puckett, and B. Moss, manuscript in preparation).
Some of the other minor bands may be premature termina-
tion products of the very long RNA polymerase message.
The mRNA encoding the 30-kDa protein was selected by
hybridization to M13 H42 and M13 H52 single-stranded
DNA (Fig. 2A). Although both H5L and H6R are overlapped
by M13 H41, only the latter is in the correct DNA strand
(Fig. 2C). The predicted size of the H6R product, however,
was only 22.3 kDa. Investigations into this discrepancy are

described below.
When late RNAs that hybridized to the Hindlll H frag-

ment were translated, the most prominent polypeptides had
apparent molecular weights of about 40,000, 35,000, and
19,000 (Fig. 2B). The latter appeared as a smear and might
correspond to two distinct bands previously observed by
Bajszar et al. (1). Because of their long and heterogeneous 3'
ends, late mRNAs may be selected by DNA fragments that
lie considerably downstream of the coding region. In addi-
tion, networks formed by annealing of complementary late
RNAs (6, 9) may result in selection by coding and noncoding
DNA strands. Both of these problems are evident to varying

degrees in Fig. 2B. Nevertheless, several polypeptides were

unambiguously assigned to ORFs.
The 19-kDa polypeptide was synthesized by mRNA that

hybridized specifically to M13 Hil DNA which overlaps
ORFs J6R, H1L, and H2R (Fig. 2B and C). However, only
HlL is in the proper DNA strand. Furthermore, the HlL
ORF predicts a closely matching polypeptide of 19.7 kDa.
The 35-kDa polypeptide was made in greatest amount

TABLE 2. Amino acid (AA) composition of putative proteins derived from ORFs

mol (%)
Amino
acida Hi H2 H3 H4 H5 H6 H7

(171 AA) (189 AA) (324 AA) (178 AA) (575 AA) (203 AA) (314 AA)

Ala 9 (5.2) 16 (8.4) 17 (5.2) 6 (3.4) 21 (3.6) 17 (8.4) 9 (2.9)
Arg 7 (4.1) 8 (4.2) 14 (4.3) 7 (3.9) 23 (4.0) 8 (3.9) 15 (4.8)
Asn 13 (7.6) 11 (5.8) 22 (6.8) 13 (7.3) 42 (7.3) 7 (3.4) 19 (6.0)
Asp 12 (7.0) 11 (5.8) 22 (6.8) 9 (5.0) 38 (6.6) 17 (8.4) 18 (5.7)
Cys 2 (1.2) 5 (2.6) 2 (0.6) 3 (1.7) 6 (1.0) 1 (0.5) 2 (0.6)
Gln 2 (1.2) 6 (3.2) 4 (1.2) 3 (1.7) 10 (1.7) 4 (2.0) 7 (2.2)
Glu 5 (2.9) 8 (4.2) 21 (6.5) 12 (6.7) 34 (5.9) 18 (8.9) 17 (5.4)
Gly 5 (2.9) 9 (4.7) 14 (4.3) 1 (0.6) 13 (2.3) 5 (2.5) 11 (3.5)
His 4 (2.3) 2 (1.1) 9 (2.8) 6 (3.4) 9 (1.6) 2 (1.0) 8 (2.5)
Ile 10 (5.8) 11 (5.8) 32 (9.8) 18 (10.1) 67 (11.6) 13 (6.4) 20 (6.3)
Leu 17 (9.9) 17 (8.9) 21 (6.5) 18 (10.1) 52 (9.0) 8 (3.9) 27 (8.6)
Lys 16 (9.3) 16 (8.4) 23 (7.1) 14 (7.8) 47 (0.2) 26 (12.8) 34 (10.8)
Met 9 (5.2) 7 (3.7) 11 (3.4) 3 (1.7) 10 (1.7) 4 (2.0) 9 (2.9)
Phe 6 (3.5) 11 (5.8) 24 (7.4) 10 (5.6) 38 (6.6) 3 (1.5) 21 (6.7)
Pro 7 (4.1) 3 (1.6) 11 (3.4) 9 (5.0) 13 (2.3) 8 (3.9) 10 (3.2)
Ser 13 (7.6) 13 (6.8) 11 (3.4) 10 (5.6) 48 (8.3) 20 (9.9) 21 (6.7)
Thr 10 (5.8) 12 (6.3) 22 (6.8) 9 (5.0) 26 (4.5) 20 (9.9) 21 (6.7)
Trp 0 (0.0) 4 (2.1) 4 (1.2) 1 (0.6) 3 (0.5) 1 (0.5) 2 (0.6)
Tyr 12 (7.0) 7 (3.7) 11 (3.4) 14 (7.8) 40 (6.9) 1 (0.5) 14 (4.4)
Val 12 (7.0) 12 (6.3) 29 (8.9) 12 (6.7) 35 (6.1) 20 (9.9) 29 (9.2)
Acidic 17 (9.9) 19 (10.0) 43 (13.2) 21 (11.7) 72 (12.5) 35 (17.2) 35 (11.1)
Basic 23 (13.4) 24 (12.6) 37 (11.4) 21 (11.7) 70 (12.2) 34 (16.7) 49 (15.6)
Aromatic 18 (10.5) 22 (11.6) 39 (12.0) 25 (14.0) 81 (14.1) 5 (2.5) 37 (11.7)
Hydrophobic 66 (38.4) 69 (36.3) 132 (40.6) 76 (42.5) 245 (42.5) 50 (24.6) 122 (38.7)

Mol wt 19,700 21,500 37,500 21,200 67,600 22,300 36,700
a Acidic, Asp plus Glu; basic, Arg plus Lys; aromatic, Phe plus Trp plus Tyr; hydrophobic, aromatic plus Ile plus Leu plus Met plus Val.

J. VIROL.
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when the cell-free extract was programmed with RNA that
hybridized to M13 H31 DNA which overlaps parts of H2R,
H3L, H4L, and H5L (Fig. 2B and C). Since the orientation
of H2R is incorrect, the polypeptide must be a product of
one of the leftward ORFs. As H3L, H4L, and H5L predict
polypeptides of 37.5, 21.2, and 67.6 kDa, we suggest that the
first of these encodes the 35-kDa translation product.
A faint 69-kDa polypeptide was made with late RNA that

hybridized to M13 H41 (Fig. 2B). This DNA strand is
complementary only to the H5L ORF which predicts an
appropriate-sized polypeptide of 67.6 kDa. The late RNA
that encoded the 40-kDa polypeptide, like the early RNA,
hybridized to M13 H42 and M13 H52, implicating ORF H6R
(Fig. 2B and C).

In summary, the translation experiments identified late
mRNAs and polypeptides corresponding to H1L, H3L,
H5L, and H6R but neither early nor late mRNAs for H2R,
H4L, and H7R were detected. The H6R ORF was unique
since a translatable RNA also was made under conditions
that permitted only early RNA synthesis.

In vitro transcription and translation of RNA encoding the
H6R and H7R ORFs. The discrepancy between the predicted
size of the polypeptide encoded by the H6R ORF and its
cell-free translation product and the apparent absence of the
adjacent H7R product led us to carry out additional experi-
ments. A 700-bp DNA segment, starting at the EcoRV site 21
NT before the start of the H6R ORF and ending at the DraI
site 54 NT after the stop codon, was inserted into a plasmid
vector downstream of a phage T7 promoter. In this construc-
tion, the first ATG downstream of the T7 promoter is the one
starting the H6R ORF. Capped RNA was synthesized in
vitro with T7 RNA polymerase and translated in a reticulo-
cyte cell-free system. The major RNA was the expected size
as measured by polyacrylamide gel electrophoresis (Fig.
3A). Significantly, the translation product had an apparent
molecular weight of 40,000, in agreement with the polypep-
tide made by hybrid-selected in vivo mRNA but nearly twice
the size predicted from the length of the ORF (Fig. 3B). Thus
the polypeptide either forms a dimer that is resistant to
sodium dodecyl sulfate and mercaptoethanol or, more likely,
has an anomalous electrophoretic migration. The somewhat
unusual amino acid composition predicted for this polypep-
tide was commented upon above.
We considered that our failure to identify the 36.7-kDa

polypeptide predicted by the H7R ORF might be due to its
comigration with the product of H6R. To analyze the poly-
peptide product of the H7R ORF, a 1.1-kbp AluI DNA
segment starting 51 NT before the start codon and ending 53
NT after the stop codon was also inserted into a Bluescribe
plasmid expression vector. An appropriate-sized capped
transcript was synthesized by T7 RNA polymerase (Fig.
3A), and the in vitro translation products had apparent sizes
of 32 and 25 kDa (Fig. 3B). The larger and presumably
full-length translation product is less than the predicted 36.6
kDa for the H7R ORF and is easily resolvable from the
product of the H6R ORF. Thus, the failure to detect this
polypeptide with mRNA made in vivo presumably reflects
an absence or low abundance of the message.

Transcriptional analysis. The cell-free translation experi-
ments indicated that the majority of genes in the HindIll H
fragment are expressed at late times. Previous studies have
shown that the extreme length and 3' heterogeneity of late
transcripts prevent the detection of individual species by
electrophoretic blotting procedures (11, 22, 34). We consid-
ered, however, that the length and overlapping of late
transcripts might provide an advantage for preliminary map-

ping of the 5' ends of several late RNAs simultaneously.
When the left end-labeled HindIII H fragment, with a small
segment of the right end removed, was hybridized to late
RNA and then digested with nuclease Si, two protected
bands of 2.6 and 4.5 kbp were resolved by agarose gel
electrophoresis (data not shown). This suggested overlap-
ping leftward late transcripts with 5' ends approximately 2.6
and 4.5 kbp from the HindIII site. Inspection of Fig. 4C
indicates that such a 2.6-kbp transcript could encode HlL
and would be complementary to a J6R transcript. The
4.5-kbp transcript could encode H3L, overlap HML, and be
complementary to H2R and J6R transcripts. A similar ex-
periment, using the Hindlll H fragment labeled at the right
end, resulted in the formation of 0.4- and 2.1-kbp bands (data
not shown). Inspection of Fig. 4C indicates that a transcript
that initiates 0.4 kbp from the right end of the HindIII
fragment could encode only H8R. The 2.1-kb transcript
could encode H6R and would overlap both H7R and H8R
(Fig. 4C). These data were confirmed and extended with
smaller restriction fragments as described below.
Four subcloned fragments ofHindIII H were used for finer

mapping of the transcripts (Fig. 4C). The DNA fragments,
labeled at either end, were hybridized to early or late RNA
and then digested with nuclease S1. When fragment 2,
labeled at the XbaI site, was hybridized to late RNA, both a
full-length and a slightly shorter 1.7-kbp band were protected
(Fig. 4A). The latter leftward transcript could express HiL
and corresponds to the 2.6-kbp band obtained with the
HindIlI H fragment labeled at the left end. No protected
bands were obtained when early RNA was used for hybrid-
ization to fragment 2 labeled at the XbaI site. In addition, no
protected bands were detected when either late or early
RNA was hybridized to fragment 2 labeled at the EcoRI site.
When fragment 3 labeled at the EcoRI site was hybridized

to late RNA, a 1.4-kbp nuclease-resistant band that could
express H3L was detected (Fig. 4A). This band corresponds
to the 4.5-kbp band produced when the HindIII H fragment
labeled at the left HindIII site was used for hybridization. In
addition, there also appeared to be some protection of the
full-length fragment 3, suggesting the presence of a late
transcript starting to the right of the second XbaI site. When
early RNA was hybridized to the labeled fragment, a nucle-
ase-resistant band of 0.6 kbp was resolved (Fig. 4A), indi-
cating a transcript that could only encode the distal half of
the H3L ORF. This raised the possibility of two proteins
with overlapping amino acid sequences expressed from the
same ORF. The putative early protein would be only 13 kDa
and therefore might have been missed in the cell-free trans-
lation experiments. The absence of protected bands when
fragment 3 labeled at the XbaI site was hybridized to early or
late RNA suggested that there are no rightward transcripts in
this region.
A nuclease-resistant band of 600 bp was obtained when

fragment 4 labeled at the XbaI site was hybridized to early
RNA (Fig. 4B). The 600-bp band as well as one about 50 bp
shorter was resolved when late RNA was used. Thus the
550-bp band appears to be specifically formed with late
RNA. These results are consistent with detection of a
2.1-kbp band when late RNA was hybridized to the HindIlI
H fragment labeled at the right HindIlI site. With fragment 4
labeled at the EcoRI site, late RNA protected a 1-kbp
fragment (Fig. 4B) which could encode ORF H5.

Late RNA, when hybridized to fragment 5 labeled at the
HindIII site, protected a 0.4-kbp fragment which could
encode ORF H8R (Fig. 4B). No protected bands were
detected when early RNA was used.

J. VIROL.
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In summary, nuclease Si analysis served to map the
approximate positions of five late transcripts with 5' ends
that closely precede ORFs H1L, H3L, H5L, H6R, and H8R.
One early transcript has a 5' end, suggesting that it also
could express H6R. The finding of early and late transcrip-
tional start sites for the H6R ORF was consistent with the
synthesis of the 40-kDa translation product with early and
late RNA. Unexpectedly, we detected an early transcript

with a 5' end that mapped to the middle of H3L and which
could encode the distal half of that ORF. We did not find 5'
ends of transcripts that corresponded to H2R, H4R, or H7R,
just as we could not find translation products for
them.

Analysis of the H6R transcript by agarose gel electrophore-
sis. The presence of an early H6R transcript was confirmed
by gel electrophoresis ofRNA synthesized in the presence of
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FIG. 5. Blot hybridization analysis of early RNAs. Cytoplasmic
RNA from cells infected with vaccinia virus in the presence of
cycloheximide was subjected to electrophoresis on a 1% agarose gel
and then transferred to a nitrocellulose membrane. 32P-labeled
HindIII H fragment (A) or f4 described in the legend to Fig. 3 (B)
was hybridized to blotted RNAs.

cycloheximide. The RNA was transferred to a nitrocellulose
membrane and probed with 32P-labeled M13 H41 replicative-
form DNA. A prominent broad band of 1.1 kilobases (kb),
appropriate in size for the mRNA encoding the H6R ORF,
was detected. When the entire HindIII H DNA was used as
a probe, two additional early transcripts were detected (Fig.
5). The 4.4-kbp band corresponds to the long mRNA encod-
ing J6R, the large subunit ofRNA polymerase (7). The minor
1.5-kbp band could correspond to the mRNA detected by
nuclease S1 analysis starting within the H3L ORF.

Fine mapping of the 5' ends of early and late transcripts.
The proximity of the 5' ends of transcripts to the putative
translation start codons of the ORFs was determined by
high-resolution nuclease S1 analysis, using small DNA hy-
bridization probes, and electrophoresis of the nuclease-
protected fragments beside Maxam-Gilbert sequence ladders
(Fig. 6). In most cases mung bean nuclease was used to
avoid or minimize nibbling artifacts (15). The 5' ends,
determined from the positions of the major bands, are
indicated next to the genome sequence in Fig. 1. For the
ORFs designated Hi, H3, and H8, the 5' end of the RNA
appeared to precede the ATG codon by only 1 or 2 NT. In
the case of H5 the apparent RNA start site preceded the
ATG by 7 or 8 NT. The early and late RNA start sites ofH6R
were separated from each other by about 35 NT.

DISCUSSION

The present study provides the longest vaccinia virus
DNA sequence for which detailed transcriptional and trans-

lational mapping has been carried out. The HindIII H DNA
fragment was chosen because it contains several late class
genes, for which there is little information regarding organ-
ization and regulation, and because of its location in the
central highly conserved region of the genome adjacent to a
block ofDNA on the left that had already been sequenced (7,
26, 33, 34). In Fig. 7, we have compiled present and
previously published data for ORFs in the three contiguous
HindIII fragments and, where the information is available,
have indicated transcription and translation products. Two
ORFs, J4R and J6R, specify RNA polymerase subunits (7,
24; Jones et al., in preparation), J2R is the thymidine kinase
gene (17, 33), and L4R encodes a major proteolytically
processed core polypeptide (34, 35). The functions of the
other putative genes are unknown. Although H3L and H7R
have short regions of sequence similarity to the precursor
spike glycoprotein of vesicular stomatitis virus and to ribo-
nucleotide reductase, respectively, there is no additional
information to support functional or evolutionary relation-
ships.

In this 16-kbp segment of the vaccinia virus genome,
portions of both DNA strands are transcribed, although
rightward products are predominant. The direction of ORFs
do not correlate with early or late expression. Some cluster-
ing of early genes in the HindlIl J fragment and late genes in
the HindIII H fragment is apparent. The ORFs in the HindIII
H fragment are closely spaced. Examples of ORFs with
overlapping stop codons (J6R and HL1) and exactly contig-
uous stop and start codons (H4L and H3L, H7R and H8R)
were observed. There are examples of more extensive ORF
overlaps in the HindIII J and L fragments (26).
For some ORFs, e.g., H2, H4, and H7, we could not find

evidence of specific transcripts. Nevertheless, it would be
inappropriate at this stage to assume that these genes are not
expressed since the transcripts may be present at low levels
under the conditions and times used for isolation of early and
late RNA. It is also possible that these ORFs are expressed
exclusively on polycistronic messages, although we know of
no precedent for such a phenomenon in a eucaryotic virus
system.
The most interesting correlation made in this report con-

cerns the sequence around the ATG start codons of late
genes and their close proximity to RNA start sites. The first
sequenced vaccinia virus late genes, encoding a 28-kDa core
polypeptide precursor (34) and an 11-kDa core polypeptide
(3), both contaihed TAAATG sequences at the start of the
ORFs. A related sequence, TAAATAATG, was found at the
start of a third late ORF encoding still another core polypep-
tide precursor (28). In each case, the RNA start sites were
mapped within several nucleotides of the ATG. In the
present report, we demonstrate that four additional late
ORFs also have the sequence TAAATG and that the 5' ends
of transcripts map within or just upstream of the run of three
A's (Fig. 8). By contrast, this sequence has not been found
at the start of ORFs listed in Fig. 8 that are expressed early
in infection (7, 13, 32, 33). The most similar sequences at the
start of early ORFs are GAAATG for DNA polymerase (13)
and TAAAATG for the large subunit of RNA polymerase
(7). Two vaccinia virus genes have been identified that are
preceded by both early and late RNA start sites: the late
RNA start site of the 7.5-kDa gene (31) has two repeating
TAAATA sequences and the one for the H6R ORF contains
the sequence TAAATT. Several additional examples of
TAAATG sequences are present in the HindIII L fragment
(26); however, these genes have not been classified and the
RNA start sites were not mapped.
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FIG. 6. High-resolution analysis of 5' ends of transcripts. (A) Late RNA was hybridized to asymmetrically labeled DNA fragments
indicated by Roman numerals and digested with either mung bean nuclease (MB) or nuclease Si (Si). The nuclease-resistant DNA was
analyzed by electrophoresis alongside the indicated (G, C+T, G+A, C) Maxam-Gilbert sequence leaders prepared with the same DNA used
for hybridization. The DNA sequences surrounding the endonuclease-resistant bands are shown, and the positions of the major bands are
indicated by asterisks in Fig. 1. (B) ORFs are indicated above a scale in kilobase pairs. Restriction endonuclease sites are abbreviated: H,
HindIII; B, BamHI; E, EcoRI; Xm, XmnI; T, TaqI; D, DraI; N, NciI; Xb, XbaI. Arrows indicate transcripts and filled blocks are restriction
fragments used for hybridization. The asterisk indicates the asymmetrically labeled end.

The TAAATG sequence and the short RNA leader are
consistent features of late genes and may in part distinguish
them from early genes. A-T-rich segments centered about 15
bp upstream of the ATG also is a common feature; however,
early genes may have even more highly A-T-rich sequences
upstream of their RNA start sites. At this time, we are
uncertain whether the TAAATG sequence has a transcrip-
tional or translational function but would not be surprised if
it had elements for both. The TAAAT may have a transcrip-
tional role since it is also present at the late start site of the
early/late promoters which lack the G to form the translation
initiation codon.
The sequences surrounding the translation initiation

codons of eucaryotic mRNAs have been compiled by Kozak
(18). The most conserved nucleotides are the purine at -3
and the G at +4, relative to the A of the ATG. Only 2 of 211
eucaryotic mRNAs have a T in the -3 position. By contrast,
six of seven late vaccinia virus ORFs have a T (Fig. 8).
Mutagenesis studies indicated that a T in the -3 position

lowers the efficiency of translation in vivo; however, this
effect is partially mitigated by a G in the -4 position (19). It
seems significant, therefore, that the majority of vaccinia
virus late transcripts have a G in this position (Fig. 8) and are
translatable in reticulocyte lysates. Whether the expression
of late mRNAs is enhanced because of alterations in the
translation system following vaccinia virus infection remains
to be determined. In some cases, the TAA stop codon
immediately precedes the ATG initiation codon, a proximity
that could merely represent an extreme compactness of
DNA sequences. In other cases, however, additional stop
codons precede the TAAATG, making this explanation
insufficient. Recent studies indicate that reinitiation of trans-
lation can occur following a stop codon in eucaryotic cells.
Kozak (19) found that a purine at -3 and a G at +4 also
enhance reinitiation and that the distance between the stop
codon and ATG is not critical. Nevertheless, the TAAATG
sequence was not specifically tested and it remains possible
that this sequence is a favorable context for reinitiation to
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AATATGTAAA TGTGAAACAA TGGATAGACG AAAATATAAC TCGTATTAAA GAGTTGTATA TGATTAATTT CAATAAC T

TTAAGTATAG AATAAAGAAT CTATAAAAAC TAAAAAAATT ATACATCATA AACCAATTTC CTAGTTGTTT GTAACTT

TATCTATAGT CGTAGATCAC GTTAAATCAT CTACGGATGG ATGATATAGA TCTTTACACA AATAATTACA AAACCGA

CAAAGGTTTT GAACGATTCC AAAAGTAATA AGATTGGATA TTAAAATCAC GCTTTCGAGT AAAAACTACG AATATAA

TCGTTTGGTT GGATTTTTGT CTATATTACG TTTGTAACAT CGGTACGGGT

CACAATCACC ACTTTCATAT TTAGAATATA TGTATGTAAA AATATAGTAG
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AA ATG

AA ATG

C

c

G

I

+10

ATAAGA Hl

CGGCGG H3

ACTCTA H5

AAATGG H8

AAGCCG P4b

GTCTAC 28K

ATTCTC ilK

CTTCGGTGCA TTAATTGGTT TGAAAGTCAC GGTGAAAACA GATTTTTATA TCTGAAATCC AGATGTCIGIAA ATG|G|TGAGAC DNApol
*E *E

AACTATTATT TTTATAGTTG TAATAAAAAG GGAAATTTGA TTGTATACTT CGGTTCTTTA AAAGAAACTG ACTTGAT

CTAAAGCAAA GGTACTATTT CTACAACAAT CTATATTTCG TTCTTAAATA TTCCAACAAC ATCAACTGAA AAAGTTA

A AA ATG G CTCTAA 147K

G TC ATG A ACCAAT 22K

RNApo1

GTCGCAATAT CGCATTTTCT AACGTGATGG ATATATTAAA GTCGAATAAA GTGAACAATA ATTAATTCTT TATTGTCIAITC ATGIAIACGGCG TK

TACTGAATTA ATAATATAAA ATTCCCAATC TTGTCATAAA CACACACTGA GAAACAGCAT AAACACAAAA TCCATCA

GTGATTCGTC AAACAATCAT TCTTATAAAA TATAATAAAG CAACGTAAAA CACATAAAAA TAAGCGTAAC TAATAAG

*E *L
TTGAGGGTTG TGTTAAATTG AAAGCGAGAA ATAATCATAA ATTATTTCAT TATCGCGATA TCCGTTAAGT TTGTATC

E / L TAAAAGTAGA AAATATATTC TAATTTATTG CACGGTAAGG AAGTAGAATC ATAAAGAACA GTACTCAATC AATAGCA

**L
TAAATAATAA ATACAATAAT TAATTTCTCG

-110 -100 -90

AA ATGITICGATGA 19K

CA ATGIGIATATTT 42K

TA ATGIGICGTGGT H6

TC ATG A AACAAT 7.5K

FIG. 8. Nucleotide sequences around translational and transcriptional start sites of vaccinia virus genes. The + 1 position is the A of the
ATG starting the ORF. Nucleotides in the -3 and +4 positions are boxed. Asterisks and exclamation marks indicate the major 5' ends of
transcripts determined by DNA-RNA hybridization and digestion with nuclease S1 or mung bean nuclease, respectively. Sequences are

grouped into those expressed early (E), late (L), and early and late (E/L). Symbols on the extreme right indicate ORF or other designations
for the vaccinia virus gene. Data are from present report and references 3, 7, 13, 28, and 31 to 34.

take place. In view of the characteristic long readthrough
transcripts made at late times after vaccinia virus infection,
reinitiation could be quite significant. Reinitiation could
account for the expression at late times of low levels of
promoterless genes introduced into the vaccinia virus
genome (21).
The second unusual feature of late transcripts is their

extremely short leader sequence. Mung bean and nuclease
Si mapping placed the 5' end at the first or second A (-2 or

-1 position relative to the ATG) within the TAAATG
sequence in several cases and just a few nucleotides up-

stream in others. Obviously, if the 5' end of the mRNA is in
the -1 or -2 position, the translational role of the -3

nucleotide is moot. Although the nuclease experiments were

done under relatively low-temperature and high-salt condi-

tions to minimize nibbling, we are not entirely confident of

such indirect methods of 5'-end analysis. Repeated attempts

to use primer extension mapping procedures, however, were

unsatisfactory. Our failure cannot be attributed solely to

technique, since we had no trouble mapping the ends of early

mRNAs by primer extension. We suspect that the problem is

caused by the large amount of complementary late RNA that

competes with or strand displaces shorter DNA primers.

The start of many late RNAs 1 or 2 NT upstream of the

ATG, however, is supported by direct analysis of the meth-
ylated ends of bulk late RNA (5). The ends were shown to be
predominantly m7Gpppm6AmpAm, whereas early mRNAs
had more G than A in the first nucleotide following the m7G
and all four NT were present in the following position. The
presence of consecutive A residues as the first two transcrip-
tionally added nucleotides of most late RNAs is consistent
with initiation at the -2 or -1 position of the conserved
TAAATG sequence.

Late mRNAs have two other unusual features: the pres-

ence of long heterogeneous 3' ends (11, 22, 34) and the
existence of large amounts of RNAs capable of forming
extensive double-stranded networks (6, 9). The latter pre-

sumably results from transcriptional readthrough of oppo-

sitely oriented late genes. It might be anticipated that such
antisense RNAs would result in hybridization arrest of

translation. Perhaps the very short leader sequences of late

mRNAs is an adaptation to minimize this inhibitory effect.
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